The TB Structural Genomics Consortium is a worldwide organization of collaborators whose mission is the comprehensive structural determination and analyses of Mycobacterium tuberculosis proteins to ultimately aid in tuberculosis diagnosis and treatment. Congruent to the overall vision, Consortium members have additionally established an integrated facilities core to streamline M. tuberculosis structural biology and developed bioinformatics resources for data mining. This review aims to share the latest Consortium developments with the TB community, including recent structures of proteins that play significant roles within M. tuberculosis. Atomic resolution details may unravel mechanistic insights and reveal unique and novel protein features, as well as important proteineprotein and proteineligand interactions, which ultimately lead to a better understanding of M. tuberculosis biology and may be exploited for rational, structure-based therapeutics design.
Introduction
The Tuberculosis Structural Genomics Consortium (TBSGC, http:// www.webtb.org) is an international collaboration of researchers whose primary objective is to comprehensively determine the threedimensional structures of proteins from Mycobacterium tuberculosis (Mtb) with the intent of TB diagnosis and treatment. The Consortium, comprising 460 members from 93 research centers spanning 15 countries, employs state-of-the-art technologies for gene cloning, protein expression and structure determination. Since the inception of the TBSGC in 2000, approximately 250 Mtb protein structures have been elucidated by Consortium members, accounting for over onethird of Mtb structures deposited into the Protein Data Bank (PDB, http://www.rcsb.org), many of which have been previously reviewed. 1e4 The wealth of information from atomic resolution details of proteins, particularly in complex with their cognate
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In addition to structural elucidation of Mtb proteins, the TBSGC is actively developing bioinformatics resources that can be used for data mining to complement structural information. Highlighted below are several useful and unique databases available on the TBSGC's website:
(1) The Gene Expression Correlation Grid or gecGrid server (http:// www.webtb.org/gecGrid/) is a compilation of four Mtb H37Rv gene expression datasets, 5e8 which includes 553 experiments to infer approximately 7,700,000 pairwise coexpression relationships between pairs of genes. 9 Additionally, gecGrid is a useful tool in assessing correlation among networks/systems of genes. Gene expression correlations are represented in matrices, where each entry has an associated correlation coefficient, a measure of the level of positive (or negative) coexpression. ( 2) The Prolinks database (http://prolinks.mbi.ucla.edu) combines four algorithms (i.e., phylogenetic profile, Rosetta Stone, gene neighbor and gene cluster) to predict functional linkages between proteins from 83 organisms, including Mtb, and 10 million high confidence links. 10 The Phylogenetic Profile method uses the presence and absence of proteins across multiple genomes to detect functional linkages 11, 12 ; Rosetta Stone uses a gene fusion event in a second organism to infer functional relatedness 13, 14 ; the Gene Cluster method uses genome proximity to predict functional linkage 15e17 ; and the Gene Neighbor method uses both gene proximity and phylogenetic distribution to infer linkage. 18e20 The Proteome Navigator tool allows users to browse predicted linkage networks interactively, providing accompanying annotation from additional public databases. (3) The ProKnow program (http://proknow.mbi.ucla.edu) constitutes a knowledgebase where features from proteins such as three-dimensional fold, sequence, motif and functional linkages are extracted and then related to annotated functions from Gene Ontology functional terms. 21 In the advent of structural genomics, ProKnow is a useful resource in functional assessments of proteins with structural information but unknown functions.
ProKnow has been applied to the Mtb H37Rv genome and the results for all genes, their function-based similarities and links show that ProKnow is able to assign around 50% of genes in the genome with high confidence. These high confidence linkages have been incorporated into functional information on the TBSGC website.
The TBSGC has also established integrated core facilities located at Texas A&M University (TAMU), Los Alamos National Laboratory (LANL) and Lawrence Berkeley National Laboratory (LBNL) to provide technical support for Consortium members, which is presented in the first section of this review. The remaining sections highlight a compilation of recent Mtb protein structures determined by TBSGC groups, many of which are associated with metabolic pathways and are, thus, potential attractive anti-TB therapeutic targets. In particular, these include structural studies on urease (Habel and Hung), chorismate-utilizing enzymes (Johnston et al.), arginine biosynthesis enzymes (Sankaranarayanan and James), crotonase, malate synthase, fumarase and phosphoenolpyruvate carboxykinase (Krieger et al.) and heme degrader, MhuD (Chim et al.) . Additionally, atomic resolution details of proteins from systems involving disulfide bond formation of secreted proteins (Chim et al.) and toxineantitoxin gene pairs (Miallau and Eisenberg) can ultimately be exploited for rational structure-based drug design.
2. The TBSGC structure determination pipeline (Li-Wei Hung, Chang-Yub Kim, Hongye Li, James C. Sacchettini and Thomas C.
Terwilliger)
The TBSGC has established an effective pipeline as a core resource for Mtb structural biology. The purpose of the pipeline is to provide an integrated set of facilities for cloning, protein expression, purification and X-ray data collection capabilities for the entire TBSGC project. The current pipeline consists of a highthroughput cloning and expression facility at the Institute of Biosciences and Technology, TAMU, a protein production facility at LANL, and crystallization and data collection facilities at the Advanced Light Source (ALS), LBNL. These facilities are equipped with robotics and are highly automated as described previously. 2 These pipeline facilities work cohesively to provide Consortium members with unique opportunities to gain access to the most advanced technologies in structural biology.
The mission of the TAMU cloning facility is to establish a solid molecular biology foundation for the TBSGC. Since 2007, the cloning facility has completed construction of the entire proteome library for all open reading frames of nearly the entire Mtb H37Rv genome. Approximately 3600 genes have been cloned into the pDONR/zeo entry vector using the Gateway recombinant cloning method (Invitrogen Inc.). Each clone has an attB1-TEV-ORF-attB2 construction; the genes have a Tobacco Etch Virus (TEV) cleavage site for easy removal of any tag used for purification. Targeted genes are cloned into destination vectors and tested for protein expression and solubility levels before downstream processes.
In addition to providing expression clones of Mtb targets for the TBSGC project, the TAMU facility processed about 700 genes in two groups aiming for protein production. The first set, Top 100, was the top 100 persistence genes selected from high-priority Mtb drug targets. 22 The second set, Target 600, consists of 667 genes selected based on the combination of gene essentiality 23 and protein sequence space coverage. All of these clones were processed through smallscale expression and solubility tests to identify suitable candidates for large-scale production. The Target 600 and Top 100 sets showed satisfactory levels of soluble protein expressions for 265 and 53 genes, respectively. A total of 56 genes from these two groups were sent to the protein production facility for large-scale protein expression. Twenty-two of these targets were successfully purified and sent to the crystallization facility for crystallization and data collection. Eight proteins were crystallized and crystal structures of four targets from these two sets have been determined. The aim of the LANL protein production facility is to provide highly purified Mtb proteins that are suitable for protein crystallography purposes. To achieve higher yields of protein production, the LANL facility has expanded its capabilities to accommodate various expression vectors including those containing His-MBP-TEV-tags, and GST-tags, as well as vectors optimized for protein complex expression. Since 2007, the LANL facility has processed requests of over 150 Mtb targets chosen by the Consortium members. Sixty-four targets have been successfully produced and 102 samples were shipped to the targeting laboratory and/or to the LBNL facilities for crystallization and structure determination.
To improve the overall success rate through effective salvaging pathways, the protein production facility has incorporated two emerging techniques; surface entropy reduction (SER) 24 and highthroughput ligand analysis, 25 into its production protocols. As proof of concept, six Mtb targets with poor crystallizabilities were selected for the SER process. Two of the SER-engineered targets yielded diffracting-quality crystals immediately. Crystal structures of both targets have been determined and one has been deposited (Rv3275c, PDB code 3LP6). Similarly, 32 Mtb proteins were identified to have high propensity to be nucleoside/nucleotide-binding proteins through the high-throughput ligand-affinity chromatography method using Cibacron blue dye. The LANL facility purified eleven targets and obtained improved crystals of nine proteins. To-date, five Mtb targets previously stalled in the pipeline have been successfully determined utilizing this approach. The goal of the LBNL crystallization and data collection facilities is to provide high-throughput crystallization and data collection capabilities for the TBSGC project. Taking advantage of proximity to the ALS and pre-scheduled beam time, the LBNL facility offers rapid turnaround for TBSGC data collection at the 3rd-generation synchrotron X-ray source. The crystallization facility continues to improve throughput through miniaturization and automation. The standard crystallization experiments have been reduced from droplets of 500 nL to 150 nL representing a three-fold reduction of protein sample requirement. Experimental results from the LBNL facilities are synchronized daily with a centralized Laboratory Information Management System managed by UCLA. These data are available to the Consortium members in real-time through the webTB website (http://www.webtb.org). Since 2007, twenty-one Mtb targets have been crystallized at the crystallization facility resulting in six new structures. Diffraction data collected at the data collection facility have led to the structure determination of 16 de novo Mtb protein structures, and over 30 protein-ligand complex structures.
In an effort to enhance the TBSGC's structural biology capability, the LBNL facility has incorporated high-throughput Small Angle X-ray Scattering (SAXS) into its operation. Through SAXS data, one can quickly reveal the aggregation state of protein samples in solution. This information has been an important quality indicator of protein samples for crystallization. SAXS can also provide low resolution electron density envelopes of proteins in solution which is thought to be more relevant to their biological states. 26 SAXS is suitable for a wide range of molecular mass and buffer composition.
With the advantage of being in the proximity of a synchrotron source, the TBSGC X-ray data collection facility routinely uses SAXS to assess the solution states of protein samples. Since mid-2009, the LBNL facility has performed over 300 SAXS experiments for 68 TBSGC targets. A few SAXS results have provided valuable insights towards understanding of target proteins' biological state (e.g. Habel et al., 2010, see following section). The TBSGC pipeline facilities provide cost-effective means to carry out high-throughput, mid-scale cloning, protein production and structure determination for the TBSGC project. The Consortium members have been taking advantage of this unique resource to enhance their research. With the improved capacity and newly acquired technologies, the pipeline is expected to play an essential role in future research in Mtb biology and TB drug design in the TBSGC.
3. Solution and crystal structures of Mtb UreA -the implications in bio-molecular assembly and drug discovery of Mtb urease (Jeff E. Habel and Li-Wei Hung)
Found in a broad range of plants and bacteria, urease is a nickelcontaining enzyme catalyzing the hydrolysis of urea into ammonia and carbamate (which then decomposes with water to form ammonia and carbon dioxide). Urease has been implicated as a potential virulence enhancing factor in diseases of the human gastrointestinal and urinary tract.
27e29 For Mtb, urease is thought to increase survival in the lung tissue possibly through pH modulation (as seen in Helicobacter pylori) and nitrogen biosynthesis.
30,31
Mtb urease is encoded within an operon whose composition suggests the formation of a heterotrimeric urease complex, consisting of a (UreC), b (UreB) and g (UreA) subunits, similar in structure to Klebsiella aerogenes urease. Distinct from other ureases, Mtb urease contains unique properties, 30 including (1) a comparatively low K m of ∼0.3 mM that is thought to be a consequence of the urea deficient environment inside the macrophage and (2) remarkable temperature stability and unusual chemical tolerance, whereby enzymatic activity is retained up to 60 C and in the presence of 4M urea, respectively, which is believed to help combat against fever within hosts. Due to the potential virulence enhancing affects seen in microbial ureases, 27, 28, 32, 33 Mtb urease remains an enticing target for structure-based drug design. We have targeted Mtb urease and its individual subunits for structure determination. One of the early results of this effort is the crystal and solution structures of the UreA subunit, Rv1848, under PDB code 2FVH. 34 While UreA contains no known enzymatic function, it remains an appealing drug target within the emerging field of proteineprotein interaction (PPI) inhibitors. 35 Once thought to be too intractable due to the idea that PPIs were formed from large flat surfaces, several groups have made strides to develop clinically ready molecules in the areas of diabetes targeting c-Jun N-terminal kinase 1 36 ; cancer targeting Polo-like kinase 1 37, 38 and chaperonin HSP90 39, 40 ; HIV targeting CD4, tat, and cyclophilin A 41e43 ; and immunosuppression targeting calcineurin. 44, 45 Mediated largely through aromatic interactions, initial ligands are being developed through fragment-based screening followed by tethering and assembly of small low-affinity inhibitors into a larger highaffinity molecule. Similarly, the structures of Mtb UreA determined by two complementary methods indicate that Mtb UreA may represent an interesting and unique target for drug discovery through the disruption of the Mtb heterotrimeric urease complex. The crystal structure of Mtb UreA (Rv1848) represents the first structure of an individual subunit within the (abg) 3 -type ureases reported to-date and closely resembles the g subunit of the K. aerogenes UreA structure (PDB code 2KAU). Approximately 4300 Å 2 is buried in the formation of the UreA homotrimer indicating highly specific subunit interactions. 46, 47 The Rv1848 homotrimer ( Figure 1A) bears a striking resemblance to the g subunit quaternary structure seen in the other (abg) 3 urease structures. When superimposed, the Rv1848 homotrimer has an RMSD of 1.13Ǻ with the K. aerogenes showing six molecules per complex, 30 the Mtb urease complex is likely to adopt the trimer of trimers formation seen in K. aerogenes urease and other related species. Rv1848 was over expressed and crystallized in the absence of any other urease component demonstrating that Mtb UreA is able to form the homotrimer seen in the crystal structures of urease complexes independent of the UreB and catalytic UreC subunits. To further confirm that the Rv1848 homotrimer seen was not a crystallization artifact, a SAXS experiment was performed on the Rv1848 protein crystallization sample solution. The SAXS experiment shows that Rv1848 has an approximate molecular weight of 33 kDa in solution, three times the UreA monomer molecular weight. Ab initio molecular envelopes calculated from the SAXS data overlay nicely onto the Rv1848 homotrimer crystal structure ( Figure 1B) . These results suggest that the Rv1848 forms a homotrimer in solution and it may be biologically relevant. Since UreA has no known enzymatic activity, it is possible that the homotrimer of g subunits seen at the center of urease trimer complexes is forming a scaffold for the other subunits. The in solution autoassembly of Rv1848 may indicate an important driving force for the urease trimer of trimers complex assembly. This potential need for oligomerization may play a role in Mtb urease's tolerance to environmental, chemical and temperature challenges beyond simple catalytic efficiency.
Given its likely importance to pathogenesis, urease remains an appealing target for tuberculosis chemotherapeutic intervention via PPI. Chorismate is a central metabolic intermediate that is utilized by many bacteria in the production of a variety of aromatic compounds, including the aromatic amino acids, folate, and salicylate. Because the biochemical pathways that catalyze the biosynthesis and utilization of chorismate are found in plants, bacteria and some protists but not in more complex eukaryotes, they have long been considered to be potentially useful targets for therapeutic intervention, with a strong inherent propensity for selective toxicity. An often-cited example is that the successful herbicide compound glyphosate inhibits an enzyme in the chorismate biosynthesis pathway. 48 In Mtb, several chorismate-utilizing enzymes have been shown to be essential for growth or virulence, including the tryptophan, folate and mycobactin biosynthesis pathways. We have previously solved the structures of the chorismate-utilizing enzyme salicylate synthase (MbtI) 49 and the enzyme that catalyzes the first step in chorismate production, 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAH7P) synthase (AroG). 50 In this review, we highlight two recent advances in our understanding of chorismate metabolism in Mtb: the development of inhibitors of MbtI and the biochemical identification of the folate biosynthetic enzyme 4-amino-4-deoxychorismate (ADC) lyase.
Design of compounds to inhibit salicylate synthase
The ability of Mtb to acquire the essential micronutrient iron is primarily dependent on its production of the siderophore mycobactin T, and the first step in the biosynthesis of the siderophore is the production of salicylate. We, and others, have previously shown that MbtI (Rv2386c) is a chorismate-utilizing enzyme that produces salicylate in a two-step reaction, and have determined the enzyme's three-dimensional structure. 49, 51 Like other homologs,
MbtI displays a complex a/b fold, composed of two sub-domains with a deep cleft between them containing the active site residues; the similarity in the structure of these enzymes is presumed to extend to their enzyme mechanisms, although our mechanistic understanding of this enzyme family remains incomplete. We have been working to design and synthesize inhibitors of MbtI. The observation that the use of a derivatized benzoate ring in place of the non-aromatic chorismate ring was able to produce improved inhibitors of the related salicylate synthase Irp9 from Yersinia enterolytica 52, 53 inspired the use of an aromatic scaffold as a starting-point for MbtI inhibitors. The use of an aromatic scaffold greatly simplifies the chemical synthesis of new compounds, enabling more rapid synthesis and screening through candidates. The most successful compounds were based on a 2,3-dihydroxybenzoate scaffold that was intended to be an aromatic mimic of the natural reaction intermediate, isochorismate. The most potent compounds contain an enol-pyruvate side-chain with hydrophobic additions, with the best of the series (Compound 39) displaying a K i of 11 mM, as measured using a lactate-dehydrogenase-linked in vitro assay of enzyme activity. 54 These compounds are the most potent inhibitors of salicylate synthases yet identified, and as such represent promising lead compounds for the future synthesis of inhibitors with nanomolar or better affinity.
To understand how these inhibitors bind to MbtI, we used in silico docking using the program GOLD. This molecular modeling indicated that the compounds most likely bind in an analogous manner to the chorismate substrate, as inferred from comparison with the product-bound structure of Irp9 (PDB code 2FN1). As shown in Figure 2 , the C1 carboxylate is predicted to interact with the catalytically required magnesium ion, and the methyl group attached to the enol-pyruvate side-chain is predicted to interact with a small cluster of hydrophobic residues (I207, Y385, L404). Structural analysis is currently underway to validate this predicted binding mode, and further synthesis is planned based on this compound series.
Identification and characterization of 4-amino-4-deoxychorismate lyase
The enzyme ADC lyase (PabC) is essential for de novo folate biosynthesis in bacteria, plants and fungi. PabC cleaves ADC, formed from chorismate by the PabA/PabB complex, to give 4-aminobenzoate (para-aminobenzoic acid, PABA) and pyruvate. 55e61 The PABA formed from this reaction is an important precursor of folate, which is essential for normal cell growth. The action of PabC is dependent on the cofactor pyridoxal 5 0 -phosphate(P5 0 P). 55, 57 The structure of Escherichia coli PabC shows it to be homodimeric with a two-domain monomer comprising a small a/b N-terminal domain and a larger a/ b "pseudo b-barrel" C-terminal domain, with the active site located at the dimer and domain interfaces. 57 We have focused on the enzymes that catalyze the first two steps of the folate biosynthesis pathway in Mtb -PabA, PabB and PabC. Although the bioinformatic identification of PabA and PabB is unambiguous, the identity of the open reading frame (ORF) encoding PabC is not clear. We have studied the uncharacterized ORF Rv0812 as the most likely candidate for Mtb PabC. Rv0812 is annotated as a "probable amino acid transferase" (http://www. webtb.org/), with 20% amino acid sequence identity to the experimentally characterized E. coli PabC. A recent paper identified Rv0812 gene as one of the 56 preferentially expressed Mtb genes in mouse lung during infection.
62
Rv0812 could be expressed in a partially soluble form in E. coli as a variety of different N-and C-terminal tagged constructs. Dynamic light scattering 63 results suggested that Rv0812 is dimeric in solution, as is the case for E. coli PabC. 1 H NMR and coupled spectrophotometric activity assays were subsequently carried out on the full-length, N-terminally His 6 -tagged construct, to test for ADC lyase activity. In the spectrophotometric assays, ADC was generated in situ from chorismate using purified E. coli PabB enzyme, with ammonium chloride added as a source of ammonia. The conversion of ADC to PABA was monitored by UV absorption spectroscopy at 265 nm ( Figure 3A ). An increase in absorbance at 265 nm was seen when E. coli PabB and Rv0812 were both present but not for the various negative controls, supporting the hypothesis that Rv0812 is capable of functioning as Mtb PabC.
To investigate this further, 1 H NMR spectroscopy was used to analyze the reaction. As for the spectroscopic assay, ADC was generated in situ from chorismate using purified E. coli PabB with ammonium chloride. Rv0812 was then incubated with ADC at 37 C for 4 h prior to 1 H NMR spectra being obtained ( Figure 3B ). Analysis of the spectra revealed the appearance of peaks consistent with the formation of 4-amino-4-deoxybenzoate in the E. coli PabB/Rv0812 reaction and in a positive control reaction containing E. coli PabB/C, which were not observed in negative control reactions. Differential scanning fluorimetry analysis 64e66 of purified Rv0812 showed that its thermostability is greatly enhanced by binding to P5 0 P (an increase of T m of 10e17 C), and that this stabilization is modestly enhanced by the addition of substrate and product analogues. However, extensive crystallization trials have so far only resulted in the production of small needle-like crystals that currently remain to be optimized for X-ray analysis.
In conclusion we have experimentally confirmed that the ORF Rv0812 encodes PabC in Mtb and have shown that the protein is greatly stabilized by binding to its known cofactor. Work continues to structurally characterize the putative Mtb PabC.
5. Ornithine acetyltransferase (Rv1653) and ornithine carbamoyltransferase (Rv1656) in arginine the biosynthesis pathway of Mtb (Ramasamy Sankaranarayanan and Michael N.G. James)
The X-ray crystal structures of two enzymes (Ornithine Acetyltransferase, Mtb OAT (E.C.2.3.1.35) and Ornithine Carbamoyltransferase, Mtb OTC (E.C.2.1.3.3) that are involved in the arginine biosynthetic pathway of Mtb are reported here. Mtb OAT reversibly catalyzes the transfer of the acetyl group from N-acetylornithine to L-glutamate to produce N-acetylglutamate. 67 Although there are two other enzymes, N-acetylglutamate synthase (E.C.2.3.1.1) and N-acetylornithine deacetylase (E.C.3.5.1.16) that are present in the arginine biosynthesis pathway of Mtb, the existence of OAT as a part of an acetyl recycling pathway is still an unanswered mystery. Hence, it is our primary interest to determine the X-ray crystal structure of Mtb OAT in order to understand the catalytic mechanism of OAT in this bacterium.
Structure of Ornithine Acetyltransferase (OAT) from Mtb
The structure of ligand-free OAT was originally determined from Streptomyces clavuligerus. 68 Recently, we solved the 1.7 Å structure of native Mtb OAT (PDB code 3IT4), which reveals the conserved fold of the N-terminal nucleophile family of enzymes. 69 Additionally, we reported the first 2.4 Å binary complex of Mtb OAT bound to ornithine (ORN, PDB code 3IT6), 69 a competitive inhibitor against the cognate substrate, L-glutamate. The monomer of Mtb OAT, which consists of 404 amino acid residues, splits into two halves forming a two-domain architecture; Domain I (residues 1-284) and Domain II (residues 285-404). Domain I consists of an abba sandwich that is made up of six a-helices and ten b-strands while Domain II adopts an a/b fold that consists of four a-helices and five b-strands (Figure 4 ).
Within the active site, which is comprised of residues from both Domains I and II, Thr200 is the nucleophile that is involved in the acetyl transfer reaction. Moreover, the last three residues at the C-terminus of the native form are poorly ordered due to the very high flexibility of this end. However, the binding of ORN stabilizes these residues. The interactions of ORN with the active site residues of Mtb OAT help in identifying the key residues involved during the activity of this enzyme. The modeling studies of Mtb OAT with the N-acetylornithine reveal that the main chain nitrogen atom of Gly128 and the side-chain O g1 of Thr127 are primarily involved in the stabilization of the oxyanion formed during the enzymatic reaction. Also, the modeling of other the substrate L-glutamate in the active site of Mtb OAT based on the structure of the ORN bound complex has revealed that the side-chain nitrogen atom of Asn399 and the side-chain carboxylate oxygen atom of Glu280 are the primary residues involved in the stabilization of the negatively charged side-chain carboxylate of L-glutamate.
Structure of Ornithine Carbamoyltransferase (OTC) from Mtb
Mtb OTC reversibly catalyzes the transfer of the carbamoyl group from carbamoyl phosphate (CP) to the second substrate, ORN, to produce L-citrulline. The crystal structures of Mtb OTC in its native trimeric form (PDB code 2P2G) and in its trimeric bound form with CP and L-norvaline (NVA, PDB code 2I6U) have been determined to the resolutions of 2.7 and 2.2 Å, respectively. 70 NVA is a competitive inhibitor of Mtb OTC against ORN. The monomer of Mtb OTC has 307 amino acid residues having the molecular mass of 33 kDa. Mtb OTC has an a/b topology having nine a-helices and eleven b-strands ( Figure 5 ). The monomer is made up of two domains, namely the CP binding domain and the ORN binding domain. The active site is situated in a cleft located between the two domains. There are two loops, the 80s loop and the 240s loop that play very prominent roles in the substrate binding. The residues in the 240s loop in the native structure of Mtb OTC are highly disordered and cannot be traced, whereas, the hydrogen-bonding interactions involving ORN with the residues of 240s loop in the structure of the ORN bound complex of Mtb OTC have stabilized this loop very well. In the ORN bound complex, the 80s loop shows an appreciable displacement of w7.5 Å when compared to its position in the native unbound form. The 240s loop shows a maximum displacement of 12.2 Å when compared to the native structure of OTC from Pyrococcus furiosus. The interactions of the ligands (CP and NVA) bound at the active site of Mtb OTC reveal that the negatively charged phosphate group of CP is stabilized by many positively charged residues such as Arg52 and Arg101. The interactions involving NVA at the active site reveal that the zwitterionic form of ORN with the N 3 H 2 group in the side-chain is the ideal candidate to bind at the active site. The primary amine N 3 H 2 would eventually perform the nucleophilic attack on the carbamoyl group of CP. Our modeling studies carried out with ORN fitted into the structure of the NVA bound complex also helps in identifying that one of the oxygen atoms of the phosphate group of CP takes part in the deprotonation of the doubly protonated side-chain nitrogen atom of ORN. Prior to the work on Mtb OTC that has been presented here, another study proposed a mechanism for human OTC in which Cys264 plays the role of proton acceptor from the N 3 H 3 of ORN. 71 The Sg of Cys264 is too far (>5.0 Å) from the N 3 of ORN to be involved with a proton transfer. We propose an alternative mechanism ( Figure 6 ) in which the neutral, deprotonated N 3 H 2 of ORN and the positively charged aeamino nitrogen of ORN are the species of ORN that binds to the enzyme. Thus, the neutral N 3 H 2 can nucleophilically attack the carbonyl-carbon of the carbamoyl group of CP ( Figure 6 ). There is something of an oxyanion hole that stabilizes the negative charge on the carbonyl oxygen of the carbamoyl group of CP. The groups forming the oxyanion hole are His128, Arg101 and Arg292.
6. Structure of key enzymes in persistence related metabolic shift (Inna Krieger, John Bruning, Stephanie Swanson, Haelee Kim and James C. Sacchettini)
Mtb demonstrates remarkable metabolic versatility, allowing it to survive and persist under the hypoxic, acidic, and nutrient poor conditions inside the host macrophage. It accomplishes this by adapting its growth rate to suit its environment. During the persistent state of infection, Mtb's growth drops to a virtually nonreplicating state by significantly altering its metabolism to conserve energy and effectively use resources scavenged from the host. 72 Our focus has been to study the structural and biochemical function of the enzymes identified as key players in the metabolic shift that sustain the persistent state. Experimental evidence shows that inside the macrophage, where there is little availability of complex sugars, Mtb instead utilizes fatty acids as its major carbon and energy source. 73, 74 The fatty acids are converted to 2-or 3-carbon units in the form of acetyl-or propionyl-CoA by b-oxidation. b-oxidation has long been recognized as a factor in mycobacterial virulence, required for persistence inside macrophages, and several enzymes involved in this process have been characterized. 74, 75 Four steps are involved in b-oxidation. First, acyl-CoA dehydrogenase oxidizes the fatty acid creating a double bond on the acyl group. Second, the newly created double bond is hydrated at the C3 position, leaving a hydroxyl group on the acyl chain. The third step consists of further oxidation by means of hydroxyacyl-CoA-dehydrogenase, which creates a carbonyl group at the previous hydroxyl position at C3. The final step is thiolysis: acetyl-CoA is removed and a new CoA group is added to the remaining fatty acid resulting in a chain that is two carbons shorter. 76 Despite the available information, defining the correct location and annotation of the enzymes responsible for these steps in the Mtb genome presents a significant challenge. Structural biology is an indispensable tool for obtaining atomic detail characterization of the active sites, ligand interactions, and details of the catalytic mechanism of the enzymes in each step of b-oxidation.
For the second step b-oxidation, 20 enzymes are annotated as putative enoyl-CoA hydratases (crotonases) in the Mtb genome, and yet even though eukaryotic crotonase structures and kinetics have been understood for decades, the Mtb crotonase homolog is not known. In many species the prokaryotic enoyl-CoA hydratase has been proposed to be part of a multifunctional enzyme complex (fadAB operon) rather than a distinctive crotonase molecule. 76 We have determined the atomic level structure of the prokaryotic crotonase from Mtb, Rv1070c (manuscript in preparation). The overall fold of the prokaryotic crotonase is similar to the eukaryotic crotonase. The oligomerization state of the Mtb crotonase is that of hexamers and nonamers as compared to the trimeric structure formed in the eukaryotic structures. Additionally, packing around the acyl group of the CoA molecule in the active site of the Mtb crotonase differs from the eukaryotic crotonase, perhaps explaining its lower turnover rate. We have also co-crystallized the crotonase enzyme with a reaction intermediate in the active site providing a first look at a natural substrate (crotonyl-CoA) bound to a crotonase, which allows for a detailed interpretation of the reaction mechanism ( Figure 7 ). Co-crystallization of the crotonase with acetoacetyl-CoA, a known crotonase inhibitor, bound to the prokaryotic crotonase, has allowed us to decipher the mechanism of inhibition. Our structural studies were complemented by kinetic assays allowing us to elucidate the turnover rate and Michaelis constants for the enzyme; we have concluded that the prokaryotic enzyme is not as efficient as the eukaryotic counterpart.
After the lipids are converted into acetyl-CoA during b-oxidation, they can be efficiently used by the cell for energy metabolism and Figure 6 . The steps proposed for the catalytic mechanism of OTC: the arrows represent the electron transfer in this mechanism. This figure is reproduced from Ref. 70 .
biosynthesis. The entry point is a short, two-enzyme anaplerotic pathway found in all prokaryotes, plants, and some lower eukaryotes, but not in vertebrates. 77 It is called the glyoxylate shunt because it constitutes a short cut across the tricarboxylic acid (TCA) cycle from isocitrate directly to malate, eliminating two carbonlosing steps in the form of CO 2 producing reactions, and enabling incorporation of acetyl-CoA. The first enzyme of this shunt, isocitrate lyase (ICL), converts isocitrate into the TCA-intermediates succinate and glyoxylate and the latter is taken by the second shunt enzyme, malate synthase, and converted into malate using one acetyl-CoA molecule. It has been shown that the glyoxylate shunt is required for Mtb virulence; ICL knockout mutants do not survive inside macrophages to establish a persistent infection. 78 Significant evidence has since been added to show the crucial role of the glyoxylate shunt in the virulence of other intracellular infectious organisms such as Candida albicans 79 and Pseudomonas aeruginosa. 80 A functional glyoxylate shunt has also been linked to the maintenance of ATP homeostasis and the viability of non-replicating persistent Mtb. 81 Numerous attempts have been made to target ICL for drug design, but all efforts have failed to identify lead molecules. ICL has been declared "non-druggable" possibly due to its small and very polar active site, and the large structural rearrangements that occur upon catalysis. 82 The second enzyme of the shunt however, malate synthase encoded by Rv1837c, presents a well structured active site resembling a long tunnel with a catalytic Mg 2þ at the bottom, with no major changes between the substrate-and product-bond forms. 83 Armed with the ability to use crystal structures of malate synthase for structure-based drug design, we have screened 150,000 small molecules using a malate synthase enzyme assay in collaboration with the Southern Research Institute to identify inhibitors for the enzyme. We have solved a complex structure of malate synthase with one of the most potent hits, 4-(3-methoxyphenyl)-4-oxo-2-(((3-trifluoromethyl)phenyl)amino)butanoic acid, and this structure has provided novel insight into the product and substrate exchange process (manuscript in preparation Figure 8 compares the inhibitor-bound enzyme surface in gray and the product-bound enzyme surface in blue, while the red arrow indicates the opening to the new portal, and the orange arrow shows the widening of the cavity behind the Mg 2þ binding site. Concurrently, significant narrowing in the first, CoA accommodating, channel to the surface occurs compared to the product/substratebound structures. The catalytic Asp633 is pulled forward towards the coordinating waters of the Mg 2þ sphere, initiating the movement of the long stretch of the protein constituting the "mouth" of the active site channel, and involved in acetyl-CoA coordination e residues from Cys619 to Asp633 move, with the largest main chain atom displacement of about 2.7 Å at the Ca of Glu632 (Figure 8) . A similar opening has been observed in the structure of malate synthase form A (MSA) from E. coli e the only structure of malate synthase known with only a Mg 2þ bound to it (PDB code 3CUZ). 85 Despite the difference in the residues at the opening position from malate synthase form G (MSG) (MSA has Arg276 in the Phe460 position of MSG), the main chain of MSA (PDB code 3CUZ) aligns closely for the region, corresponding to residues 458-461 of MSG (Figure 8 ). Thus, this second opening to the solvent seen in inhibitorbound malate synthase G must reflect the physiological state of the enzyme when unoccupied by either substrate or product. We hypothesize that two substrates of malate synthase -glyoxylate and acetyl-CoA -enter through two different openings into the active site; after the reaction, malate is released through the glyoxylate portal, and CoA through acetyl-CoA portal. Moreover, glyoxylate binding must occur before acetyl-CoA enters the second channel to allow the second portal to open sufficiently e even when CoA is not bound, the glyoxylate-bound structure (PDB code 1N8I) displays the same sufficiently wide channel as the CoA and malate-bound structure (PDB code 1N8W). Also, similar narrowing of the first CoA channel (Figure 8 ) is present in the MSA structure bound only with Mg 2þ (PDB code 3CUZ) (2.5 Å at Met631 Ca for 3CUZ compared to 1N8W, and 1.5 Å for the inhibitor-bound MSG compared to the same model), supporting the idea that this channel widens for acetyl-CoA entry only after glyoxylate binding occurs. This structural information serves as an atomic detail basis to complement the study of malate synthase enzyme kinetics and the reaction mechanism, as well as providing a valuable platform for structure-based inhibitor design for TB drug discovery. We are currently working on several other lead molecules to exploit both forms of the active site -a substrate/product-bound form with only one solvent channel open, and a substrate/product-free form with an additional channel to the solvent -in structure-based drug design.
The metabolic shift to a persistent state involves not only switching to alternative sources or pathways, but also significantly changing fluxes of metabolites through the pathways functioning under any growth condition. 86, 87 The TCA cycle is at the center of carbon metabolism, taking in the carbon from glycolysis or b-oxidation of fatty acids and providing the cell with ATP and NADH as well as intermediates for other biosynthetic pathways, and is also linked to the electron transport chain. This makes the TCA cycle one of the major sensing points of the cell's well-being, and an important part of the metabolic switching observed during infection. The detailed characterization of TCA cycle enzymes and the regulation involved in their functioning is a crucial part of information required for deciphering the biology of the altered metabolic stages of Mtb. We have solved the structure of fumarase, the enzyme that catalyzes the trans-hydration of fumarate, converting it to malate, in its apo form (manuscript in preparation). The protein is part of a superclass of enzymes that are homotetrameric and catalyze b-elimination reactions that produce fumarate as one of the products ( Figure 9 ). The central core of the protein consists of a twenty helical bundle that spans over 60 Å with each subunit contributing five helices. Small N-and C-terminal sub-domains sit at either end of the bundle producing a dumbbell-shaped appearance in both the individual subunits and the overall tetramer. Four active sites exist in the molecule and are formed by atoms from three different subunits. Each is perched at the end of the helical bundle between the interface of the N-and C-terminal subdomains. Based on sequence and structural alignment with fumarase C from E. coli (PDB code 1FUO), all known catalytic residues are conserved including the catalytic base residue His187. One of three loops that surround the active site is disordered. In homologous structures this loop becomes ordered upon substrate binding. Recently, an allosteric site was identified in the E. coli FumC structure that sits approximately 12 Å away from the active site (Asite) at the surface of the protein. Termed the B-site, it is considered to be an extension of the active site and helps transfer substrate and product between the active site and the bulk solvent. 88 Part of the B-site is formed by a rare p-helix that creates a highly ordered hydrogen bond network from the bound substrate/product to an active-site water. While the p-helix is conserved in the Mtb fumarase structure along with the residues leading to the buried A-site, a short loop at the N-terminal part of the B-site is not present in the structure. Mutational analysis of two basic residues from this region in the E. coli FumC, R126A and H128N, shows the sequence change fundamentally alters the rate of the reaction by decreasing the product off rate w160-fold. The human homolog (PDB code 3E04) also has this loop resembling the E. coli enzyme, but has a lysine residue in place of the arginine. This observation may imply a different regulation mechanism for Mtb fumarase. Future kinetic studies will hopefully shed light on the function of the B-site of Mtb fumarase and aid in the design of the selective inhibitors for the protein.
There is a one more vital part of the metabolic scheme for Mtb to sustain growth on fatty-acid derived carbon during persistence e gluconeogenesis. It has been shown that Mtb mutants lacking phosphoenolpyruvate carboxykinase (PEPCK), the enzyme catalyzing the first step of gluconeogenesis, were able to grow on dextrose as a carbon source in culture, but failed to survive in mouse lungs, and PEPCK depletion during the chronic phase of infection resulted in mycobacterial clearance. 89 We have determined the crystal structure of PEPCK (Rv0211), the enzyme which converts the TCA intermediate oxaloacetate into phosphoenolpyruvate in the first committed and pace-setting step of gluconeogenesis (manuscript in preparation). The overall structure of the Mtb enzyme in complex with guanidine diphosphate is similar to that of human PEPCK, however the active site cavity is larger in the Mtb enzyme than in the human enzyme. We are currently conducting a detailed examination of the differences between the Mtb and human enzymes, as well as co-crystallizing product-and substrate-bound PEPCK. This will provide an opportunity for rational drug design strategies to develop selective inhibitors of the Mtb enzyme. The structure of the enzyme active site is shown in Figure 10 .
7. Structural and biochemical characterization of MhuD (Rv3592) and DsbF (Rv1677) (Nicholas Chim, Robert P. Morse and Celia W. Goulding)
Iron availability
Iron availability is essential in supporting microbial viability and growth; in Mtb, siderophores (small, high-affinity iron-chelating molecules) are secreted to sequester Fe 3þ from human transferrin and lactoferrin. Figure 11A . The major difference occurs within the heme binding pocket: notably, each MhuD subunit contains two slightly distorted, planar stacked heme molecules which are rotated approximately 80 relatively to each other around an axis orthogonal to their planes, providing insight to an open, inactive conformation, whereas IsdG and IsdI have only one highly distorted heme molecule per monomer, suggestive of a closed, active state. At the crystallographic interface of MhuD, two subunits form a proteineprotein interface and the solvent-exposed hemes from each subunit stack; as a result, this configuration may protect the dihemes from degradation while the heme in the Isd proteins are still accessible to electrons from an unknown in vivo source. Furthermore, size exclusion chromatography experiments reveal that the elution of MhuD-heme is consistent with a dimeric species whereas elution of MhuD-diheme infers various higher oligomeric states (unpublished data), providing evidence that the crystallographic proteineprotein interface may occur in solution. Despite the difference in stoichiometry, the AsneTrpeHis triad of residues coordinates heme in a similar fashion. For MhuD, the solvent-protected heme iron is coordinated by a chloride ion, which is, in turn, stabilized by Asn7 while the solvent-exposed heme iron is axially liganded by His75 ( Figure 11B ). Trp66 interacts with both heme molecules via their vinyl and methyl moieties. The corresponding asparagine and histidine interactions are also observed in IsdI (i.e., Asn6 and His76) with a single cobalt protoporphyrinIX molecule; in the IsdG Asn7Ala mutant, the heme iron is pentacoordinated, the fifth ligand provided by His77. The conserved tryptophans, among other residues, for both Isd proteins are implicated in porphyrin ring distortion. Additionally, the tryptophans in the Isd proteins are involved in edge-to-face aromatic interactions with phenylalanines (i.e., Trp67-Phe73 and Trp66-Phe72 from IsdG and IsdI, respectively), kinking a2. Interestingly, the phenylalanine is replaced by an alanine in MhuD, giving rise to an extended a2 that is proposed to be partly responsible for accommodating the second solvent-exposed heme. However, an MhuD Ala71Phe mutant was still able to bind heme in a 2:1 hemeto-protein stoichiometry (unpublished data), suggesting that loop residues subsequent to a2, designated L, making extensive interactions and stabilizing both heme molecules may further contribute to binding a second heme molecule. A more recent report of the first active heme degrader structure, heme-IsdI, shows no significant differences from inactive CoPPIX-IsdI except for the presence of a dioxygen species coordinating the conserved Asn6 instead of a chloride ion. 106 Taken together, these structures provide insights to 1) heme entry and product exit which involves the flexibility of a2 and L demonstrated in the open, inactive (MhuD-diheme) conformation and 2) heme catalysis by way of porphyrin ring distortion, which has been suggested to play a role in adopting a favorable conformation for nucleophilic attack, 105 in the closed, active (IsdG/I-metalloporphyrin) conformation. Distinct from heme oxygenases, where heme is metabolized to biliverdin, free iron, and carbon monoxide, 107 IsdG and IsdI yield novel chromophore products (i.e., 15-oxo-b-bilirubin and 5-oxo-dbilirubin) consistent with cleavage of heme at the b-or d-meso
carbons. 106 The observation of mixed regioselective products reveals that heme can be loaded onto the heme degrader in two different orientations. Moreover, MhuD's ability to bind two hemes per monomer could provide a venue for heme storage as part of a regulatory mechanism in response to iron/heme availability in Mtb. One possible scenario could be that under iron-abundant conditions, a major fraction of MhuD remains inactive as a diheme complex due to apo-MhuD's ability to bind both heme molecules with comparable affinities. If iron supplies become limiting, MhuD is upregulated to form the MhuD-heme complex that has the ability to degrade intracellular heme to maintain pathogen viability. As heme degradation by IsdG has been shown to be essential in bacterial pathogenesis, 108,109 the diheme feature of MhuD can ultimately be exploited as a potential anti-TB drug target.
7.2. Mtb disulfide oxidoreductase system: Mtb DsbF (Rv1677) and Mtb DsbE (Rv2878c)
Of the approximately 4000 genes within the Mtb genome, it has been proposed that roughly 4% of translated proteins are secreted, of which more than 60% are predicted to contain at least one disulfide bond. 110 Just as E. coli has well-characterized disulfide bond forming (Dsb) proteins residing in the periplasm to ensure proper oxidation of disulfide bonds in secreted proteins, 111 a similar disulfide oxidoreductase system must exist in Mtb. To-date, only three Dsb proteins have been identified in Mtb: Mtb DsbE (Rv2878c), its homolog Mtb DsbF (Rv1677), and its potential redox protein partner, Mtb DsbD (Rv2874). Mtb DsbE and Mtb DsbF are proposed to be secreted to the recently characterized mycobacterial periplasm 112, 113 while Mtb DsbD is a predicted inner membrane protein with eight transmembrane helices and two soluble domains on the N and C-termini. 110 Mtb DsbE and Mtb DsbF share 55% sequence identity and recent X-ray structures reveal that Mtb DsbE (PDB code 1LU4), 110 and Mtb DsbF (PDB code 3IOS), 114 are superimposable with a root-meansquare deviation of 0.89 Å (Figure 12 ). Similar to other Dsb proteins, Mtb DsbE and Mtb DsbF have thioredoxin folds, consisting of a central b-sheet (b4, b3, b6, and b7) sandwiched between 3 a-helices (a3, a4, and a5). Both Mtb protein structures, however, have additional secondary structural elements (b5, a5, and a6),
including a smaller N-terminal domain made up of two 3 10 -helices (a1 and a2) capped by a b-hairpin (b1 and b2). Despite very similar overall topologies, two distinct features distinguish Mtb DsbE from Mtb DsbF: 1) The active site motif, CxxC, of Mtb DsbE (i.e., Cys36 and Cys39) is in its reduced state whereas the corresponding active site cysteines in Mtb DsbF (i.e., Cys81 and Cys84) exist in both oxidized and reduced conformations. This difference is, in part, attributed to an amino acid pair conserved in most Dsb proteins: a strong hydrogen bond between Trp30 and Glu42 (2.8 Å) in Mtb DsbE stabilizes its reduced state whereas the corresponding interaction (Trp75-Glu87) in Mtb DsbF is disrupted where, instead, a weak hydrogen bond network is coordinated by the amino acid pair with Tyr142 and a water molecule. 2) In Mtb DsbE, the loop between b7 and a6 is extended by three additional amino acid residues, which leads to a partial occlusion of the active site, and hence, limits solvent accessibility compared to that of Mtb DsbF active site. Interestingly, in the crystal packing, this extended loop in the Mtb DsbE structure forms extensive contacts and may play a role in forming a potential homodimeric interface. On the contrary, the crystal packing within the Mtb DsbF structure reveals no potential dimeric interface and hence the active site is solvent exposed in the crystal lattice. Biochemical characterization demonstrates that the reduced states of Mtb DsbE and Mtb DsbF are significantly more stable than Figure 12 . Cartoon representations of superimposed Mtb DsbE (blue, PDB code 1LU4) and Mtb DsbF (red, PDB code 3HX9) with active site cysteines (yellow) shown as stick models. In Mtb DsbE, Cys36 and Cys39 are reduced whereas Cys81 and Cy84 in Mtb DsbF are modeled in both reduced and oxidized states. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Some of the Dsb proteins from E. coli, despite similar biochemical and structural characteristics, function in different pathways, as our results suggest for Mtb DsbE and Mtb DsbF. The differing oxidation state of the CxxC motif within the crystal structures of Mtb DsbE and Mtb DsbF are intriguing, and highlights the potential different functional roles they may play in the physiology of Mtb. The Dsb proteins in E. coli have been extensively studied, and though E. coli DsbC and E. coli DsbG are disulfide bond isomerases, and E. coli DsbE is a reductase, all three of these periplasmic proteins are maintained in their active reduced form by the same transmembrane protein E. coli DsbD. 126 One of the main differences between these proteins is that E. coli DsbC and E. coli DsbG are both homodimers, 127 whereas E.
coli DsbE is monomeric and tethered to the cytoplasmic membrane. 128 The fact that Mtb DsbE has a potential homodimeric interface and Mtb DsbF is monomeric may contribute to their proposed functional differences in periplasm of Mtb. Furthermore, Mtb DsbE is predicted to have a signal peptide only 33 amino acid residues long and has been observed in Mtb culture filtrate. 129 On the contrary, the predicted N-terminal signal peptide region of Mtb DsbF is 52 amino acid residues long and this protein has not been observed in culture filtrate to-date, which suggests that Mtb DsbF may be tethered to the membrane as observed for E. coli DsbE. 130 Hence, the potential tethering to the membrane and the Toxineantitoxin (TA) gene pairs were initially discovered on plasmids and were found to be essential for the maintenance of foreign genetic elements in host cells through the process termed "plasmid addiction". 131 Bacteria acquire plasmids that encode both toxin and antitoxin genes in an operon. Under normal physiological conditions both proteins are expressed and form a tight complex incapable of inhibiting bacterial growth. However, when the plasmid encoding those systems is lost, for instance during cell division, the unstable antitoxin is rapidly degraded by proteases and the free toxin kills the cured bacterial host cell. 132 Hence the cell is "addicted" to the plasmid. Subsequently, TA gene pairs were discovered on chromosomes of diverse but mostly slow growing prokaryotes, which suggest functions other than plasmid addiction. 133 The most probable function supported by experimental evidence is the cessation of growth under conditions of stress. 134 Thus, under favorable growth conditions, toxin and antitoxin assemble in a stable and inoffensive complex. However, when the bacteria are stressed, for instance by increased temperature, oxidative shock, or the presence of antibiotics, proteases are over expressed and degrade the labile antitoxin. The liberated toxin then exerts a bacteriostatic effect primarily through mRNA degradation although there are other mechanisms of toxin-mediated cessation of bacterial growth. Depending on the particular TA pair, the mode of action can vary: E. coli MazF cleaves free cytosolic mRNA at ACA sequences 135 while RelE toxins are ribosome-dependent RNases which bind to the ribosomal A-site and degrade incoming mRNA and tmRNA. 136, 137 TA systems are unusually abundant in the major human pathogen Mtb, which encodes approximately 90 Despite the abundance of TA pairs in the Mtb genome there is little information on their molecular structures and functions. We have employed X-ray crystallography and other biophysical and biochemical techniques to characterize Mtb TA pairs to understand how the toxins exert their bacteriostatic effects and the mechanisms by which antitoxins neutralize their cognate toxins. We have determined the structures of two VapBC systems (VapBC-3 and VapBC-5) and two RelBE systems (RelFG and RelJK) and our results suggest that the toxins are ribonucleases.
VapBC TA systems
We determined the first structure of a VapBC complex (encoded by Rv0626-Rv0627; PDB code 3DBO), Mtb VapBC-5, to 1.9 Å resolution, using single wavelength anomalous dispersion (SAD). 144 The
VapC-5 toxin structure and the C-terminal part of its cognate antitoxin, VapB-5, are well ordered in our structure while the N-terminal DNA-binding domain of VapB-5 is completely disordered ( Figure 13A , Left panel ion required for catalysis ( Figure 13A , Middle panel). The inhibition of nuclease activity by the antitoxin would thus be due to the direct or indirect seclusion of the active site residues in catalytically unfavorable conformations. VapC-5 would then become active upon the release of VapB-5, which is triggered by a still unknown signal. The RNA substrate could then be bound in a groove formed between the core and clip domains of VapC-5 ( Figure 13A , Right). The main result regarding the enzymatic activity of VapBC-5 is that this complex clearly shows low nuclease activity on dsRNA substrates in vitro as well as magnesium dependence consistent with a two-metal-ion catalytic mechanism. Based on these results, we propose that Mtb VapC-5 is most likely both an endo-and exoribonuclease that acts on free RNA in a manner similar to that of the FEN-1 endo-and exonuclease.
The second structure of an Mtb VapBC complex (VapBC-3 encoded by Rv0300-Rv0301; PDB code 3H87; to be published) was solved to a resolution of 1.49 Å by SAD ( Figure 13B , Left and Middle). The asymmetric unit contains a 2:2 heterotetramer although a SAXS experiment has shown that it is likely to form an octamer in solution. The fold of the toxin is consistent with ribonuclease activity although structurally different from VapC-5. The N-terminal part of the antitoxin forms a Ribbon-Helix-Helix DNA-binding motif through dimerization of antitoxins from adjacent asymmetric units. Thus, it is possible that the physiological assembly is a tetramer different from the one seen in the asymmetric unit but similar to those previously observed for the RelBE-like systems with the N-terminal domain of the antitoxin involved in dimerization of the heterodimers and the C-terminal domain involved in the neutralization of the toxin.
In the VapBC-3 heterotetramer, the two toxineantitoxin dimers are asymmetric. In one dimer, the antitoxin is tightly wrapped around the toxin and its C-terminal toxin neutralization domain is disordered which allows the toxin from the neighboring dimer to bind a magnesium ion ( Figure 13B , Left and Middle panels). The magnesium ion is coordinated by residues Asp114, Asp132 and Asp134 as well as three water molecules ( Figure 13B , Middle panel). In the other dimer the C-terminus of the antitoxin is well ordered and reorients an arginine residue (Arg73) in the magnesium binding site of the neighboring toxin preventing magnesium binding ( Figure 13B , Middle). In both dimers, the C-terminal domain of the antitoxin binds to a deep groove in the toxin. Thus, as in VapBC-5, the antitoxin may inhibit the toxin through two modes: by occupying the substrate binding site of the toxin; and possibly by sequestering the catalytic residues involved in magnesium binding. Although our structure shows a bound magnesium ion, no catalytic mechanism can be determined from the structure alone and further investigation is necessary.
The structures of VapC-5 and VapC-3 reveal that there is considerable diversity in the structure of Mtb VapC toxins. However, we believe that both function as RNases, which is supported by the structural homology of the active site(s) to the FEN-1 nuclease, the bound magnesium in VapC-3, and the magnesium dependence of the VapC-5 nuclease activity. As the DNA-binding domain of the VapB-5 antitoxin is disordered in our structure, it is difficult to compare the overall fold of the VapB-3 and VapB-5 antitoxins although they adopt a similar strategy for toxin neutralization.
RelBE TA systems
RelBE systems have been extensively studied in E. coli 137, 139, 146, 147 but the role of RelBE systems in regulating Mtb physiology is poorly understood and appears to be very complex. 148 RelBE-like systems are of particular interest as RelE is expressed during infection of the macrophage by Mtb and may play a role in the phenomenon of persistence. 145 Moreover, overexpression of RelG increases Mtb antibiotic resistance while its deletion decreases the survival rate of the bacteria. 149 In order to understand the structural mechanism used by Mtb RelBE systems to target RNA, we have determined the crystal structures of RelFG and RelJK for which no structural information was previously available. The structure of Mtb RelFG (PDB code 3G5O, to be published) was solved to 2.0 Å resolution by SeMet SAD. The structure reveals a heterotetramer composed of a dimer of an antitoxin:toxin heterodimer. The heterodimers form the tetramer around C2 symmetry primarily through the globular N-terminal domain of the antitoxin and an extended hydrophobic zipper that involves helix a-3 of the antitoxin. The structure of RelG is a three stranded b-sheet, that harbors residues potentially involved in the binding and cleavage of RNA, surrounded by two a-helices and a 3 10 helix ( Figure 13C , Middle panel). Thirty percent of the total surface area of RelG is involved in the dimerization interface with RelF.
Based on structural comparison, the RelF antitoxin belongs to the YefM family whose cognate toxin is YoeB. The RelG toxin has the same fold as YoeB. However, functionally important YoeB residues that have previously been described 150, 151 are not conserved in RelG. Recently, the structure of E. coli RelE bound to the 70S ribosome was solved and revealed that a C-terminal tyrosine residue is crucial for E. coli RelE activity. 152 As this residue is absent in Mtb RelG, it is likely that RelG uses a different strategy to cleave RNA. Superposition of Mtb RelG with structural homologs, Pyrococcus horikoshii RelE and Methanococcus jannaschii RelE, demonstrates that only a few residues are conserved in all three homologs and interact with the antitoxins despite the antitoxins belonging to structurally distinct families. We postulate that in addition to the RelE residues previously identified by mutagenesis to be functionally important (RelG Leu60, Ser69, Arg76), Arg71, Arg92 and Lys58 from RelG may also play a role in the catalytic mechanism of the RelG toxin ( Figure 13C , Middle panel). This also suggests that the RelF antitoxin may inhibit RelG toxicity by direct interaction with key residues required for RNase activity. This hypothesis is supported by the surface potential calculation, which shows a single highly positively charged groove occupied by the antitoxin ( Figure 13C , Right panel).
The structure of RelJK, which is still in refinement, has a similar secondary structure as RelFG although the tertiary structure and quaternary arrangement of RelJ and RelK are slightly different ( Figure 13D , Left panel). The RelJ antitoxin has a flexible C-terminal domain due to a hinge motion of the flexible elongated helices, which bind to RelK in a similar manner as to RelFG. Superposition of structural homologs indicates that RelK may cleave RNA in the same manner as E. coli YoeB. 150, 151 Thus the catalytic mechanism of RelK could involve Glu47 which acts as a general base and His84 that acts as the general acid and would require a large rearrangement of the C-terminal domain of RelK upon antitoxin release in order to bring Glu47 and His84 in favorable conformations for catalysis. Similarly to YoeB, Arg60 and/or Arg65 could be involved in binding the RNA reactive phosphate group. 151 The differences in the putative catalytic residues between RelG and RelK suggested by the crystal structures are consistent with the evolutionary relationships that exist between Mtb RelE toxins and the E. coli YoeB and RelE toxins (Figure 14) . The amino acid sequence of Mtb RelK is evolutionary closer to E. coli YoeB than it is to Mtb RelG. Similarly, Mtb RelG is closer to Mtb RelE than it is to E. coli RelE suggesting that Mtb RelG uses a different strategy than those used by Mtb RelK and E. coli RelE to cleave RNA.
The structures of the four TA systems from Mtb determined by the UCLA group share common features. The toxins, in all four cases, are built around a b-sheet core that is surrounded by a-helices while the antitoxins are organized with a globular N-terminal DNA-binding domain and an elongated C-terminal tail that binds to and inhibits the toxin.
The crystal structures of Mtb toxineantitoxin pairs also reveal the mechanism by which the antitoxins inhibit their toxins. In the case of the VapBC systems, it appears that residues from the antitoxin sequester residues from the toxin involved in binding of the crucial magnesium ions. In the RelJK TA pairs, the antitoxin constrains the toxin in an unfavorable conformation for catalysis. However, all TA pairs share a common feature: the toxic activities of the toxins are neutralized by the binding of the elongated antitoxins into a narrow and positively charged groove. This suggests that the antitoxins most likely compete with the binding of the single stranded RNA substrates of the toxins.
It is not surprising that structurally similar toxins that belong to the same family would use different mechanisms for RNA cleavage. Indeed, differences in the active site may reflect differences in substrate specificity. The different active sites suggest that different TA systems may be triggered by different regulatory controls and therefore by different stresses. Thus, the variety of TA pairs would allow the bacteria to adapt to a wide variety of hostile environments, which would be especially important within the phagolysosome after phagocytosis by macrophages. Thus the proliferation and differentiation of TA systems may be a key component of the ability of Mtb to respond and adapt to the stresses it encounters throughout its life cycle.
Conclusions
In the last decade, the TBSGC project has yielded useful bioinformatics resources as well as structural information. The richness of information available in molecular structures also provides the starting-point for many new research avenues and future drug design projects unanticipated in the present day. For example, it is possible that a future finding will implicate one of the biosynthetic enzymes highlighted in this review as pivotal during Mtb pathogenesis, prompting a large-scale drug development project. We hope that this review succeeds in its intention of providing the progress of the TBSGC and we look forward to working with other members of the Mtb community.
